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SUMMARY 

A graphite-epoxy shear panel with bonded-on J-stiffeners has been investi- 
gated. This panel was loaded to buckling in ‘a picture frame shear test. 
finite element models, each of which included the doubler material bonded to 
the panel skin under the stiffeners and at the panel edges, were used to make a 
stress analysis of the panel. The shear load distributions in the panel from 
two commonly used boundary conditions, applied shear load and applied displace- 
ment, were compared with the results from one of the finite element models that 
included the picture frame test fixture. Analysis results show that use of the 
bonded doubler material under the stiffeners and at the panel edges in conjunc- 
tion with the test fixture loading produces a highly nonuniform shear load dis- 
tribution in the panel. The analytical results were verified by comparison with 
strain and buckling results from the well-controlled laboratory test of the 
panel. 

Two 

INTRODUCTION 

In experimental practice, simple methods are commonly used for reducing 
shear data. With these methods, measured experimental values such as load, dis- 
placement, and strain are related by simple analytical expressions. Basic to 
most of these expressions is the assumption of a uniform shear load distribution 
throughout the panel. 

Establishing a state of uniform inplane shear in a test specimen is diffi- 
cult to achieve in an experiment. Many different test procedures have been used 
Eor studying the shear stiffness and buckling strength of composite panels. The 
advantages and disadvantages of these procedures are discussed in references 1 
to 7. The picture frame shear test is one such procedure that has been widely 
used in the laboratory to assess the shear strength and buckling of complex 
composite hardware. A rectangular picture frame was used in this investigation 
to test a conceptual composite panel (see figs. 1 to 3)  for the empennage of a 
commercial transport (ref. 8). The design of the test panel allowed elastic 
skin buckling to take place locally; stiffeners forced the general instability 
mode to occur at a load level much higher than that for local skin buckling. 

Unlike concepts where stiffeners are attached to the panel with rivets, 
this panel uses stiffener flanges and doubler material bonded to the panel skin 
which can contribute significantly to the shear stiffness of the panel and can 
cause a highly nonuniform shear load distribution in the panel. Some inves- 
tigators account for extra stiffening effects experimentally by cutting out 
the skin portion of the panel specimen. They then test the specimen edge- 
stiffening material separately to determine the shear stiffness of the bonded 
doubler material to be considered in subsequent data reductions. The shear test 
frame components may also affect the uniformity of the load introduced at the 
panel edges. The combined effect of the bonded doubler material and test frame 
loading was taken into account in the analytical model for this investigation. 



Strains obtained using detailed finite element models were compared with strains 
obtained experimentally. The buckling strains for the panel were then computed 
by means of a simpler analysis code and were compared with buckling strains 
obtained experimentally. Excellent agreement between test and theory was 
obtained for both the load distribution in the panel and the buckling load. 

SYMBOLS 

P tensile load applied to corners of picture frame test apparatus, N 

X coordinate across panel width, an 

Y coordinate along length of panel, an 

Y shear strain 

Subscript: 

S symmetric 

EXPERIMENTAL INVESTIGATION 

Dimensions of the graphite-epoxy shear panel specimen and frame are given 

The 
in figures 1 to 3 .  The panel consists of a 34.29- by 59.69-cmI 6-layer 
[90/+45Is, laminated panel skin to which J-section stiffeners are bonded. 
ends of the longitudinal stiffeners are closed off with transverse J-stiffeners, 
all of the same layup and dimensions. Because the stiffener flanges are turned 
inward on either side of the longitudinal center line and at the ends, the panel 
is symmetric about both its longitudinal and transverse axes. 

The panel was tested in a tensile load machine where the picture frame 
apparatus converts the tensile load to a shear strain on the specimen. The 
panel was first pulled from one set of diagonally opposite corners, as shown in 
figures 4 and 5, and this loading was designated the positive shear loading. 
The panel was then removed from the test machine, loading yokes were placed in 
the other two corners, and the panel was retested. This latter loading was 
designated the negative shear loading. Differences between the test results for 
these two loadings were used to determine the anisotropic effects of the 6-ply 
panel skin layup on the shear buckling load. To assess repeatability of the 
buckling loads, the panel was tested a third time in a negative load position 
and a fourth time in a positive load position. 

Test Specimen Geometry 

Details of the various ply orientations for the panel are given in fig- 
The J-stiffeners have 4-ply ft45Is webs and 6-ply fO/?45Is outer ure 2. 

flanges. Cocuring the stiffener with the panel skin results in a 10-ply layup 
on each side of the interior stiffener centers. (See fig. 2(b).) The 4-ply 
r02/?451 part of this 10-ply layup for the two inner stiffeners tapers to zero 
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i n  e q u a l  steps away from t h e  s t i f f e n e r  c e n t e r s  over  a 1.52-cm l e n g t h  f o r  t h e  
t w o  i nne r  s t i f f e n e r s .  For t h e  edge s t i f f e n e r s ,  t h i s  t a p e r i n g  takes  p l a c e  i n  
e q u a l  s t e p s  over  a 0.89-cm l e n g t h  and i n c l u d e s  t h e  t a p e r i n g  of  an a d d i t i o n a l  
4-ply [45/0/-45/901 doubler  on t h e  s k i n  side of  t h e  pane l .  The o u t e r  edges  of  
t h e  p a n e l  s k i n  have a doubler  t h a t  forms a 22-ply edge layup.  (See f i g .  2 ( a ) . )  
The lamina p r o p e r t i e s  f o r  t h e  p a n e l  p l i e s  are g iven  i n  t a b l e  I. 

F i g u r e s  3 t o  5 i l l u s t r a t e  t h e  method of  l oad  i n t r o d u c t i o n  f o r  t h e  test  
pane l .  The p a n e l  edges  were a t t a c h e d  to t h e  heavy steel frame b a r s  by means 
of t h i n  gage (0.081-cm-thick) aluminum load  i n t r o d u c t i o n  s t r i p s  as shown i n  
f i g u r e  3. These l o a d  i n t r o d u c t i o n  s t r i p s  ensured  t h a t  n e i t h e r  bending nor l o a d s  
normal to  t h e  i n p l a n e  shea r  l oad  were a p p l i e d  to  t h e  edges  of  t h e  pane l .  Ten 
e q u a l l y  spaced aluminum cross b r a c e s ,  2.54 by 1.90 cm i n  cross s e c t i o n ,  were 
used between t h e  long  edges of  t h e  p a n e l  to  f o r c e  t h e s e  edges  to  remain p a r a l l e l  
du r ing  t h e  test. (See f i g .  5 . )  

The d i a g o n a l s  of t h e  shea r  specimen and t h e  p i c t u r e  frame were misa l igned  
g e o m e t r i c a l l y  by more t h a n  3 O .  (See f i g .  6.) Consequent ly ,  decomposing t h e  
a p p l i e d  t e n s i l e  f o r c e  P i n t o  components p a r a l l e l  t o  t h e  p a n e l  edges l e a d s  to  
t w o  c o n f l i c t i n g  va lues  f o r  t h e  shea r  r e s u l t a n t .  Moment e q u i l i b r i u m  m u s t  be pre-  
s e rved  du r ing  load ing ;  t h e  specimen, t h e r e f o r e ,  rotates w i t h i n  t h e  a v a i l a b l e  
c l e a r a n c e s  because t h e  load i n t r o d u c t i o n  s t r i p s  o f f e r  l i t t l e  r e s i s t a n c e  to  t h i s  
motion. To avo id  t h e  c o n f l i c t i n g  shea r  r e s u l t a n t s ,  t h e  a p p l i e d  shea r  r e s u l t a n t  
f o r  t h i s  r e p o r t  w a s  c a l c u l a t e d  by d i v i d i n g  t h e  a p p l i e d  t e n s i l e  l oad  P by t h e  
d i a g o n a l  l e n g t h  of  t h e  pane l .  

T e s t  Procedure 

The p a n e l  w a s  i n s t rumen ted  wi th  back-to-back s t r a i n  gage rosettes a t  v a r i -  
o u s  l o c a t i o n s  on t h e  p a n e l  s k i n  as can be seen  i n  f i g u r e s  4 and 5. S t r a i n  
va lues  were recorded  wi th  i n c r e a s i n g  load  by an automated d a t a  a c q u i s i t i o n  
system. The shea r  s t r a i n  y w a s  c a l c u l a t e d  acco rd ing  to  t h e  r o s e t t e  r e l a t i o n s  
g iven  i n  r e f e r e n c e  9. 

A t  buck l ing ,  r o s e t t e s  on one s i d e  of a buckled s e c t i o n  showed an i n c r e a s e  
i n  y with  l o a d ,  w h i l e  rosettes on t h e  o t h e r  side showed a dec rease  i n  y with  
i n c r e a s i n g  load .  The p l o t  i n  f i g u r e  7 shows t h e  shea r  s t r a i n  r e v e r s a l  r e s u l t s  
f o r  t h e  n e g a t i v e  shea r  t e s t .  S t r a i n  gage rosettes f o r  t h i s  p l o t  were located 
on o p p o s i t e  sides of t h e  p a n e l  near  t h e  specimen c e n t e r .  The s t r a i n  r e v e r s a l  
p o i n t  on t h e  cu rve  is d e f i n e d  as t h e  p o i n t  where t h e  maximum shear  s t r a i n  y 
accrued  b e f o r e  d e c r e a s i n g  wi th  load .  Furthermore,  of a l l  t h e  s t r a i n  r e v e r s a l s  
g iven  by t h e  v a r i o u s  rosettes, t h e  r e v e r s a l  p o i n t  which occur red  a t  t h e  lowest 
l o a d  l e v e l  w a s  used to de termine  t h e  shea r  buck l ing  l o a d .  

A moire' f r i n g e  g r i d  w a s  used to  de termine  t h e  local b u c k l e  p a t t e r n .  
l o a d  a t  which t h e  buckle  waves were f i r s t  observed  d u r i n g  tests w a s  very  close 
to  t h e  buckl ing  l o a d  found from t h e  s t r a i n  r e v e r s a l  p l o t s .  The expe r imen ta l  
ha l f -wavelengths  shown i n  t a b l e  I1 were determined by d i v i d i n g  t h e  p a n e l  l e n g t h  
by t h e  number of  f u l l y  developed half-waves v i s u a l l y  observed  i n  t h e  c e n t r a l  
sect ion.  

The 
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ANALYTICAL INVESTIGATION 

The effect of t h e  bonded doubler  material and t h e  picture frame l o a d  on 
t h e  p a n e l  s h e a r  l o a d  d i s t r i b u t i o n  and buckl ing  load was s t u d i e d  a n a l y t i c a l l y .  
Details  of t h e  a n a l y t i c a l  methods and t h e  modeling r e f i n e m e n t s  are d e s c r i b e d  
be l o w .  

S t r e s s  A n a l y s i s  

Two f i n i t e  e lement  models were c o n s t r u c t e d  f o r  a n a l y s i s  u s i n g  t h e  SPAR 
computer code ( r e f .  1 0 ) .  The f i r s t  model was c o n s t r u c t e d  for i n v e s t i g a t i n g  
t h e  d i f f e r e n c e  i n  stress d i s t r i b u t i o n  between a uniform applied s h e a r  load 
and a uniform a p p l i e d  d isp lacement  boundary c o n d i t i o n .  The second model was 
c o n s t r u c t e d  to  de termine  t h e  e f f e c t  of t h e  l o a d i n g  frame on t h e  stress d i s -  
t r i b u t i o n .  The models i n c l u d e d  t h e  d e t a i l s  of t h e  bonded doubler  material  
under t h e  s t i f f e n e r s  and a t  t h e  p a n e l  edges.  The s t i f f e n e r  w e b  and o u t s i d e  
f l a n g e  are n o t  c o n s i d e r e d  to c o n t r i b u t e  s i g n i f i c a n t l y  to t h e  s h e a r  s t i f f n e s s  
and,  t h e r e f o r e ,  to reduce  computa t iona l  costs, were n o t  i n c l u d e d  i n  t h e  f i n i t e  
e lement  models. 

The edges of t h e  f i r s t  SPAR p a n e l  model were t r e a t e d  as  e s s e n t i a l l y  s imply 
suppor ted ;  t h a t  is , t h e  edge r o t a t i o n s  were u n c o n s t r a i n e d  and t h e  out-of-plane 
d isp lacements  were r e s t r a i n e d  t o  z e r o .  I n  t h e  f i r s t  boundary c o n d i t i o n  case, 
a uniform s h e a r  l o a d  w a s  a p p l i e d  to  a l l  t h e  edges.  I n  t h e  second boundary 
c o n d i t i o n  case, t h e  long edges  were g i v e n  a s p e c i f i e d  t a n g e n t i a l  d i s p l a c e m e n t  
and t h e  ends were c o n s t r a i n e d  i n  t h e  t r a n s v e r s e  d i r e c t i o n .  An e q u i v a l e n t  s h e a r  
l o a d  f o r  t h e  applied d isp lacement  case was found by i n t e g r a t i n g  t h e  s h e a r  l o a d  
r e s u l t a n t  curve  a l o n g  t h e  p l a n e  edge and d i v i d i n g  by t h e  p a n e l  l e n g t h .  For 
comparison purposes, t h e  magnitude of t h e  applied d i s p l a c e m e n t s  was a d j u s t e d  
so t h a t  t h e  average s h e a r  r e s u l t a n t  f o r  t h e  l o n g  edge of t h e  p a n e l  equaled  t h e  
s h e a r  r e s u l t a n t  a p p l i e d  for t h e  uniform edge-loading case. 

The second SPAR f i n i t e  e lement  model w a s  c o n s t r u c t e d  to de termine  t h e  
i n f l u e n c e  of t h e  aluminum l o a d  i n t r o d u c t i o n  s t r i p s  and t h e  s t ee l  p i c t u r e  frame 
b a r s  on specimen stress d i s t r i b u t i o n  and s t i f f n e s s .  The second model had t h e  
same p a n e l  d e t a i l s  as t h e  f i r s t  and,  i n  a d d i t i o n ,  i n c l u d e d  t h e  s t ee l  frame b a r s  
and t h e  aluminum l o a d  i n t r o d u c t i o n  s t r i p s  shown i n  f i g u r e  3 .  The s teel  p i c t u r e  
frame bars were modeled as s i n g l e  i n p l a n e  plate e lements .  The pinned c o r n e r s  
of t h e  frame were d u p l i c a t e d  by u s i n g  a pinned-end c o n d i t i o n  i n  t h e  model a t  t h e  
i n t e r s e c t i o n  of t h e  bars of t h e  p i c t u r e  frame a t  t h e  c o r n e r  p i n  l o c a t i o n s .  The 
SPAR code e n f o r c e s  d isp lacement  c o m p a t i b i l i t y  a t  t h e s e  c o r n e r  j u n c t i o n s  w i t h o u t  
i n t r o d u c i n g  any i n p l a n e  bending,  j u s t  as  t h e  corner p i n s  do i n  t h e  a c t u a l  test 
hardware. 

The s teel  frame b a r s  and p a n e l  dimensions i n  t h e  second model were matched 
to  t h e  a c t u a l  p l a n a r  specimen dimensions so as to  i n c l u d e  t h e  e f f e c t  of t h e  
misa l igned  d i a g o n a l s  of  the p a n e l  and frame. The aluminum l o a d  i n t r o d u c t i o n  
s t r ip s  were modeled as one double  t h i c k n e s s ,  i n p l a n e  p la te  element  w i t h  a s h e a r  
s t i f f n e s s  equal to  t h e  s h e a r  s t i f f n e s s  of aluminum; t h e  o t h e r  s t i f f n e s s e s  were 
se t  a t  z e r o .  
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Shear  Buckl ing A n a l y s i s  

Buckl ing  s t r a i n s  f o r  t h e  p a n e l  were computed u s i n g  VIPASA (ref .  11) , a 
l i n k e d - p l a t e  e igenva lue  a n a l y s i s  code. The p a n e l  cross s e c t i o n  w a s  modeled i n  
d e t a i l  to a c c u r a t e l y  i n c l u d e  t h e  e f f e c t  of t h e  bonded doubler  material  under 
t h e  s t i f f e n e r s  on t h e  buck l ing  mode. I n  the VIPASA model, a separate plate w a s  
used for each segment of t h e  tapered doub le r  s e c t i o n  where a l a y e r  was t run-  
cated. The j u n c t i o n  o f  t w o  p la tes  o f  unequal  t h i c k n e s s  b u t  w i th  a common 
r e f e r e n c e  s u r f a c e  w a s  accomplished by u s i n g  o f f s e t s .  The a n a l y s i s ,  however, 
cannot  i n c l u d e  t h e  effect  o f  s t i f f e n e r s  tha t  run  across the cross s e c t i o n  a t  
t h e  p a n e l  ends.  The frame w a s  n o t  i nc luded  i n  t h e  model and t h e  applied s h e a r  
l o a d  was uniform. 

One l i m i t a t i o n  of t h e  VIPASA s h e a r  buck l ing  a n a l y s i s  is t h a t  t h e  ends  of 
t h e  p a n e l  are treated as i f  the p a n e l  were i n f i n i t e l y  long.  For t h e  a n a l y s e s  
p r e s e n t e d  he re ,  t h e  buck l ing  wavelengths  were small  i n  comparison to  t h e  p a n e l  
dimensions; t h e r e f o r e ,  t h e  effect  o f  t h i s  l i m i t a t i o n  of t h e  code is n o t  con- 
s i d e r e d  impor tan t .  The l a t e ra l  edges ,  however, can  have any p r e s c r i b e d  bound- 
a r y  c o n d i t i o n .  The 22-ply o u t e r  edges  of t h e  p a n e l  were very  s t i f f  i n  com- 
p a r i s o n  to  t h e  6-ply s k i n  and, t h e r e f o r e ,  u s e  o f  clamped or simply suppor t ed  
boundary c o n d i t i o n s  f o r  t h e  edge had a n e g l i g i b l e  e f f e c t  on t h e  buckl ing  
resul ts .  For t h i s  r e p o r t ,  buck l ing  s t r a i n s  were o b t a i n e d  w i t h  t h e  edges  
treated as s imply supported. 

RESULTS AND DISCUSS I O N  

T h i s  s e c t i o n  p r e s e n t s  t h e  expe r imen ta l  and a n a l y t i c a l  r e s u l t s  and d i s -  
c u s s e s  t h e  c o r r e l a t i o n  o f  exper iment  and theo ry .  

Exper imenta l  Buckl ing R e s u l t s  

The expe r imen ta l  buck l ing  load r e s u l t s  are g i v e n  i n  table 11. O f  t h e  f o u r  
tests run ,  the buckl ing  l o a d s  from the t h i r d  and f o u r t h  i n d i c a t e d  t h a t  t h e  
p a n e l  tests were h i g h l y  r e p e a t a b l e .  The local  buck l ing  loads f o r  t h e  p o s i t i v e  
shear c o n f i g u r a t i o n  from the f i r s t  and f o u r t h  tes ts  were w i t h i n  2 p e r c e n t  of  
each o t h e r ;  t h e  n e g a t i v e  s h e a r  buck l ing  l o a d s  from t h e  second and t h i r d  tests 
demonstrated t h e  same r e p e a t a b i l i t y .  Consequent ly ,  t h e  r e s u l t s  from t h e  f i r s t  
and second tests on ly  are  r epor t ed .  

For a p a n e l  s k i n  o f  o n l y  6 p l i e s ,  t h e  f45 p l i e s  can  produce a s i g n i f i c a n t  
a n i s o t r o p i c  e f f e c t  on s h e a r  buck l ing  behav io r .  Exper imenta l  r e s u l t s  p r e s e n t e d  
i n  table  I1 i n d i c a t e  t h a t  a n i s o t r o p y  raises t h e  p o s i t i v e  s h e a r  buck l ing  load 
27 p e r c e n t  above t h e  n e g a t i v e  s h e a r  buck l ing  load. 

A n a l y t i c a l  R e s u l t s  

The s h e a r  load d i s t r i b u t i o n s  for t h e  two SPAR models are shown i n  f i g -  
u r e s  8 to 10 .  R e s u l t s  f o r  t h e  f i r s t  model are shown by t h e  dashed cu rves ;  
t h e  second model r e s u l t s  are shown by t h e  solid cu rves .  The o r d i n a t e  shows 
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the s h e a r  r e s u l t a n t  normalized by t h e  applied s h e a r  l o a d ,  and t h e  a b s c i s s a  
shows t h e  p o s i t i o n  a l o n g  t h e  p a n e l  normalized by t h e  p a n e l  l e n g t h  of 59.69 cm 
or by t h e  p a n e l  wid th  o f  34.29 cm. The normal iz ing  s h e a r  load i n  each  l o a d i n g  
case is t h e  t e n s i l e  load d i v i d e d  by t h e  p a n e l  d i a g o n a l  l e n g t h  (as d i s c u s s e d  i n  
t h e  s e c t i o n  on specimen geometry) .  The t e n s i l e  load for t h e  t w o  edge c o n d i t i o n s  
on t h e  f i r s t  SPAR m o d e l  is t h e  magnitude of t h e  v e c t o r  sum of  t h e  edge l o a d s .  
For t h e  d isp lacement  edge c o n d i t i o n ,  t h e  edge l o a d s  were found by i n t e g r a t i o n  
(as d i s c u s s e d  i n  t h e  section on stress a n a l y s i s ) .  I n  t h e  second SPAR model 
a n a l y s i s ,  t h e  t e n s i l e  load is t h e  l o a d  a p p l i e d  a t  t h e  c o r n e r s  of t h e  model. 
Thus, t h e  r e s u l t i n g  a n a l y t i c a l  s h e a r  l o a d  d i s t r i b u t i o n s  from t h e  f i r s t  and 
second p a n e l  models ( f i g s .  8 to  1 0 )  can be compared d i r e c t l y  on t h e  b a s i s  t h a t  
t h e y  b o t h  have t h e  same applied t e n s i l e  l o a d  P. 

The stress a n a l y s i s  r e s u l t s  f o r  t h e  f i r s t  SPAR model of t h e  p a n e l  ( f i g .  8) 
show t h a t  t h e  s h e a r  l o a d  d i s t r i b u t i o n  i n t r o d u c e d  a l o n g  t h e  p a n e l  edge w a s  
s t r o n g l y  i n f l u e n c e d  by t h e  manner i n  which t h e  load was a p p l i e d .  when a uni- 
form s h e a r  load was a p p l i e d  to a l l  edges of t h e  p a n e l ,  t h e  l o a d  d i s t r i b u t i o n  
throughout  t h e  p a n e l  was f a i r l y  uniform and almost e q u a l  to  t h e  a p p l i e d  l o a d .  
When a uniform d i s p l a c e m e n t  w a s  applied, however, t h e  u n i f o r m i t y  of t h e  s h e a r  
l o a d  d i s t r i b u t i o n  a long  t h e  edge and a t  t h e  center of t h e  p a n e l  w a s  g r e a t l y  
a f f e c t e d  by t h e  p r e s e n c e  o f  t h e  s t i f f e n i n g  m a t e r i a l ,  as can be r e a d i l y  s e e n  
i n  f i g u r e  8. The small d e v i a t i o n s  i n  t h e  normal ized  edge l o a d  from 1 . 0  for 
t h e  uniform l o a d  case seen  i n  f i g u r e  8 r e s u l t  from t h e  a n a l y s i s  code and t h e  
element  mesh spac ing  chosen f o r  t h e  o u t e r  edge of t h e  pane l .  These d e v i a t i o n s  
are i n s i g n i f i c a n t  because  t h e y  are w e l l  w i t h i n  t h e  scope of accuracy sought  for 
t h i s  a n a l y s i s .  

The SPAR stress a n a l y s i s  r e s u l t s  f o r  t h e  second model demonst ra te  t h a t  t h e  
frame and load i n t r o d u c t i o n  str ips have a profound effect on t h e  l o a d  d i s t r i b u -  
t i o n  i n t r o d u c e d  to t h e  o u t e r  edges of  t h e  p a n e l .  The most obvious e f f e c t  s e e n  
i n  f i g u r e  8 is t h e  l a c k  of u n i f o r m i t y  i n  load i n t r o d u c t i o n .  The r e s u l t s  a lso 
i n d i c a t e  t h a t  t h e  load i n t r o d u c e d  a t  t h e  p a n e l  edge is n o t  symmetric w i t h  
respect to  t h e  p a n e l  l e n g t h .  

The shear  l o a d  d i s t r i b u t i o n  i n  t h e  i n t e r i o r  of t h e  p a n e l  is shown i n  f i g -  
u r e s  9 and 10 .  The t w o  edge c o n d i t i o n s  g i v e  a f a i r l y  uniform d i s t r i b u t i o n  i n  
t h e  p a n e l  e x c e p t  near  t h e  edges.  The second SPAR model a lso shows a uniform 
s h e a r  l o a d  d i s t r i b u t i o n  over  most of t h e  p a n e l  i n t e r i o r .  The t w o  SPAR model 
r e s u l t s  d i f fe r  primarily i n  t h e  magnitude of t h e  s h e a r  l o a d  over  most of t h e  
i n t e r i o r  of  t h e  p a n e l .  R e s u l t s  from t h e  second SPAR model a n a l y s i s  show a 
23-percent r e d u c t i o n  i n  t h e  magnitude of t h e  s h e a r  r e s u l t a n t  a t  t h e  c e n t e r  of 
t h e  p a n e l  compared to  a uniformly d i s t r i b u t e d  s h e a r  l o a d  i n  t h e  f i r s t  SPAR 
model a n a l y s i s .  

The r e s u l t s  of t h e  VIPASA buckl ing  a n a l y s i s  i l l u s t r a t e  t h a t  t h e  s t i f f e n e r s  
do n o t  par t ic ipate  i n  t h e  buckl ing  d isp lacements .  The l i n e  showing t h e  i n t e r -  
s e c t i o n  of t h e  s t i f f e n e r  w i t h  t h e  p a n e l  s k i n  remains s t r a i g h t  d u r i n g  local 
buckl ing.  Thus, t h e  buckle  waves are c o n f i n e d  to t h e  r e g i o n  between s t i f f e n e r s  
and have a wavelength,  shown i n  t a b l e  11, approximate ly  t h a t  of t h e  s t i f f e n e r  
spac ing .  Consequent ly ,  t h e  n o n u n i f o r m i t i e s  i n  t h e  s h e a r  l o a d  near  t h e  p a n e l  
edges have very  l i t t l e  effect  on the buckl ing  s t r a i n s  i n  t h e  p a n e l  s k i n  between 
t h e  inter ior  s t i f f e n e r s .  
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Comparison of T e s t  and Theory 

According to t h e  stress a n a l y s i s  performed w i t h  t h e  second SPAR f i n i t e  
e lement  model, a l a r g e  p o r t i o n  of t h e  c e n t e r  of  t h e  panel is s u b j e c t e d  t o  a 
uniform reduced l e v e l  of s h e a r  loading .  The accuracy  of t h i s  stress a n a l y s i s  
is v e r i f i e d  by t h e  e x c e l l e n t  agreement between t h e  second SPAR model r e s u l t s  
and test  data as shown i n  f i g u r e s  9 and  10. The u n i f o r m i t y  of t h e  s h e a r  load 
i n  t h e  c e n t r a l  p o r t i o n  of t h e  p a n e l  permits c a l c u l a t i o n  of a buckl ing  s t r a i n  
u s i n g  t h e  l i n k e d - p l a t e  a n a l y s i s  code. T h i s  code a c c u r a t e l y  models t h e  tapered 
doubler  material under t h e  s t i f f e n e r s  which s i g n i f i c a n t l y  affects t h e  local 
b u c k l i n g  s t r a i n .  

The buckl ing  s t r a i n s  were used i n  c o n j u n c t i o n  w i t h  t h e  SPAR s t ress  analy-  
sis r e s u l t s  i n  f i g u r e  11 to de termine  t h e  t e n s i l e  l o a d  needed to buckle  t h e  
pane l .  The VIPASA s t r a i n s ,  m a r k e d  off on t h e  s t r a i n  axis i n  f i g u r e  11 ,  when 
ex tended  upward, i n t e r s e c t  t h e  SPAR stress a n a l y s i s  c u r v e  to  g i v e  t h e  a n a l y t i c a l  
t e n s i l e  l o a d  r e q u i r e d  to  buckle  t h e  pane l .  The posit ive (+) and negagive (-) 
s h e a r  buckl ing  t e n s i l e  test l o a d s  determined i n  t h i s  manner are l i s t e d  i n  
table  I1 as SPAR r e s u l t s  us ing  VIPASA s t r a i n s .  A s  can be s e e n ,  t h e s e  loads are 
1 . 0 4  and 0.99 times t h e  p o s i t i v e  and n e g a t i v e  e x p e r i m e n t a l  v a l u e s ,  r e s p e c t i v e l y .  

CONCLUDING REMARKS 

The p i c t u r e  frame test apparatus and t h e  p r e s e n c e  o f  bonded doubler 
material  around t h e  p a n e l  edges  and under t h e  s t i f f e n e r s  cause a h i g h l y  non- 
uniform s h e a r  l o a d  to be i n t r o d u c e d  a t  t h e  p a n e l  edges.  A s t r u c t u r a l  a n a l y s i s  
which i g n o r e s  t h e  i n f l u e n c e  of t h e  t e s t  frame and t h e  bonded doubler  material 
r e su l t s  i n  a 23-percent  error i n  p r e d i c t i n g  t h e  i n t e r n a l  s h e a r  l o a d s .  To pre- 
d i c t  t h e  i n t e r n a l  shear load a c c u r a t e l y ,  t h e  complete p a n e l  and frame must be 
ana lyzed  u s i n g  a two-dimensional s t r u c t u r a l  a n a l y s i s  code. 

An e i g e n v a l u e  a n a l y s i s  which a c c o u n t s  for t h e  i n t e r a c t i o n  between t h e  p a n e l  
s k i n  and bonded doubler mater ia l  can be used to  p r e d i c t  a c c u r a t e  local  b u c k l i n g  
s t r a i n s .  These buckl ing  s t r a i n s  can be r e l a t e d  to  t h e  a p p l i e d  t e n s i l e  l o a d  by 
u s i n g  t h e  s t r e s s  a n a l y s i s  from a two-dimensional model. Buckl ing  loads deter- 
mined i n  t h i s  manner a g r e e  w i t h i n  a f e w  p e r c e n t  of test  r e s u l t s .  

Langley Research Center  
N a t i o n a l  A e r o n a u t i c s  and Space A d m i n i s t r a t i o n  
Hampton, VA 23665 
January  1 7 ,  1980 
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TABLE I.- MATERIAL PROPERTIES USED I N  ANALYSIS 

Buck l ing  h a l f -  
wavelength,  

cm 

Lamina t h i c k n e s s ,  cm . . . . . . . . . . . . . . . . . . . . . . . . .  0.01 4 
Modulus i n  f iber d i r e c t i o n ,  GN/m2 . . . . . . . . . . . . . . . . . .  131 .O 
Modulus i n  t r a n s v e r s e  d i r ec t ion ,  GN/m2 . . . . . . . . . . . . . . . .  13.0 
Lamina s h e a r  modulus, GN/m2 . . . . . . . . . . . . . . . . . . . . .  6.41 
P o i s s o n ' s  ra t io  . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 .,31 0 

Buck l ing  
s h e a r  
s t r a i n  

TABLE 11.- BUCKLING RESULTS 

7.37 
7.37 

SPAR w i t h  VIPASA s t r a i n s :  
P o s i t i v e  s h e a r  . . . . . . .  
Negat ive  s h e a r  . . . . . . .  
N o  a n i s o t r o p y  . . . . . . .  

0.00147 
0-001 1 7  

Exper h e n t  : 
P o s i t i v e  s h e a r  . . . . . . .  
Negative s h e a r  . . . . . . .  

Buck l ing  load 
for panel,  

kN 

27.78 
20.79 
24.47 

26.71 
21 .oo 

7.37 
6.50 
6.60 

0.00152 
0.001 1 4  
0.00134 
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Section B-B 

F i g u r e  1 .- Schematic  de ta i l s  of p a n e l  geometry (dimensions i n  
c e n t i m e t e r s ,  n o t  to  scale) . 
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(b) Layup details of interior J-stiffener. 

Figure 2.- Layup details of J-stiffeners (dimensions in centimeters). 
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Figure 3 .- Details of load introduction method (dimensions in centimeters). 
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L-80-101 
Figure 4.- Front view of test panel. 
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L-80-102 
F i g u r e  5.- Back view of test panel. 

1 4  



3 

7 Load introduction s t r i p  /' 

Pin P 

Pin 
centroid 

'0' 
i r  I 

a 

P P p p - 4 1 . 9 1 . 1  

L Appl ied 
tensile 
1 oad 

3 t 

67.31 

-Pin 
centroid 

Figure 6.- Schematic of picture frame shearing apparatus (dimensions in centimeters). 
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Figure  8.- Shear load d i s t r i b u t i o n  along long edge of panel .  
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Figure 9.- Shear load distribution along center section of panel. 
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